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Notch/RBP-J Signaling Regulates Epidermis/Hair
Fate Determination of Hair Follicular Stem Cells
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Mosaic Disruption of RBP-J Results in Hair Loss,
Cyst Formation, and Epidermal
Summary Hyperkeratinization
nes-cre  RBP-Jf/f mice were born without obvious ab-
Notch signaling is involved in the cell fate determina- normality, probably because the deletion of the RBP-J
tion of various cell lineages [1–9]. Notch interaction gene occurred in a mosaic pattern and normal cells
with its ligand induces the cleavage of its intracellular compensated the RBP-J-deficient cells. However, about
domain (IC) [10], and the Notch IC translocates to the 1–3 months after birth, when the first or second hair
nucleus and binds to RBP-J [11] to transactivate tran- cycle terminates, they began to lose hairs and to show
scription of target genes [10, 12]. All four Notches in polypoid protrusion of the skin (Figure 1A–1E), which
mammals [13–17] bind to RBP-J to exert their trans- was associated with cysts and hyperkeratinization. The
activation activities. Notch is expressed in developing cysts existed in the dermal layer but not in the epidermis
or differentiating epidermis and hairs [13–15, 18–20], (Figure 1F), and often in close proximity to hair follicles
inhibits the terminal differentiation of the epidermis (Figure 1H). No sebocytes were seen microscopically in
[21], and regulates hair differentiation [22]. The com- the cyst. Hair loss and cyst formation occurred fre-
mon stem cells that reside in the upper portion of hair quently in the vibrissa region (Figures 1A and 1B) with
follicles (the bulge) contribute to epidermal and hair penetrances of 95.8% (23/24) and 66.7% (18/24), re-
cell formation [23, 24]. However, it is unknown what spectively. Cysts were observed only in the areas nor-
determines whether hair follicular stem cells will be- mally covered by hairs (Figures 1A–1D). Hyperkeratiniza-
come hairs or epidermis. Here we report that condi- tion of the epidermis could be seen on the back (Figure
tionally disrupting the mouse RBP-J gene in a mosaic 1E) and tails (Figure 1D). RBP-Jf/f mice and nes-cre 
pattern to avoid embryonic lethality of RBP-J-defi- RBP-Jf/ mice did not show any skin abnormalities (our
ciency [25] caused hair loss, epidermal hyperkeratini- unpublished data).
zation, and epidermal cyst formation. Cyst formation The fact that the skin phenotypes were seen only at
is probably due to a combination of the aberrant fate limited places on the body may reflect the low deletion
determination of RBP-J-deficient stem cells to epider- efficiency of the RBP-J gene. Southern blot analysis of
mal progenitors and their accelerated differentiation the RBP-J loci showed that the deletion efficiency of
into epidermis. These results suggest that Notch/RBP- the RBP-J allele in the cyst was higher (approximately
J signaling regulates the cell fate determination of hair 50%) than that in apparently normal skin (only a small
follicular stem cells at the bulge region. percent) (Figure 2A), and the expression of the RBP-J
protein was lower (70.2%) in the cyst than in apparently
Results and Discussion normal skin (Figure 2B). In an immunohistochemical
study, the RBP-J protein was expressed in nuclei of
Nestin-Cre-Mediated Disruption normal epidermis and hair follicles, including the bulge
of the RBP-J Gene region (Figures 2C and 2D), but not in those of the cyst of
To conditionally disrupt the RBP-J gene, we previously nes-cre  RBP-Jf/f mice (Figures 2E–2H). These results
generated mice carrying the loxP-flanked RBP-J alleles suggest that disruption of the RBP-J gene may be asso-
(RBP-Jf alleles) [4]. When the Cre protein is expressed, ciated with cyst formation.
exons 6 and 7, encoding the domain responsible for
binding to DNA as well as the IC of Notch [26, 27], are
The Cysts Were Composed of Epidermal Cellsexcised, resulting in a loss-of-function mutation of the
Aberrantly Differentiated from RBP-J-RBP-J gene. Mice with homozygous RBP-Jf alleles
Deficient Hair Follicular Stem Cells(RBP-Jf/f mice) were crossed with nestin (nes)-cre trans-
The cysts were not stained by anti-Hair Keratin (AE 13)genic mice [28]. Deletion of exons 6 and 7 of the RBP-J
antibody [30] (see Figure S2, available with this articlegene was observed in various organs, including the skin
online) but expressed various epidermal markers, suchof nes-cre RBP-Jf/f mice with various deletion efficien-
as an undifferentiation marker (Keratin 5, Figure 3B),cies (6.4%–25.9%) in general agreement with the previ-
early differentiation markers (Keratin 1 and Involucrin,
Figures 3C and 3D), and terminal differentiation markers*Correspondence: honjo@mfour.med.kyoto-u.ac.jp
3 These authors contributed equally to this work. (Filaggrin and Loricrin, Figures 3E and 3F). The cyst
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Figure 1. Macroscopic and Microscopic Morphology of the Skin of the nes-cre  RBP-Jf/f Mice
(A–E) Macroscopic morphology. (A and B) Cysts can be seen on the snouts (arrows) and on the forelimbs (arrowhead in [A]) of mice. No
vibrissa is seen (arrowhead in [B]). Hair loss also can be seen on the body (asterisk in [B]). (C) A cyst can be seen on the belly (arrow) and
the hindlimbs (asterisk). (D) A cyst can be seen on the hindlimb. Hyperkeratinization of the epidermis is seen on the tail (asterisk). (E)
Hyperkeratinization of the epidermis is seen on the back (arrow). (F and H) The cysts of the nes-cre  RBP-Jf/f mice are sectioned and stained
with hematoxylin and eosin. Cysts exist in the dermal layer (bracket in [F] and arrows in [H]) and they exist adjacent to the hair follicles (arrows
in H). (G) The back skin of the wild-type mouse is sectioned at telogen (resting stage) and stained with hematoxylin and eosin. The sebaceous
gland (asterisk), the bulge region (arrow), and the dermal papilla (arrowhead) are indicated. Thickened epidermis is indicated (bracket in [H]).
Scale bars indicate 200 m in (F) and 100 m in (G) and (H).
also strongly expressed 1 integrin (Figures 3G and 3H), Progenitors destined to become epidermis and hairs
move from the bulge region upward and downward,which is one of the hair follicular stem cell markers and
is only weakly positive in wild-type epidermis [31]. The respectively [24]. It is likely that excessive epidermal
progenitor cells failed to migrate to or arrive at the epi-basal few layers of cysts were proliferative, as indicated
by expression of the proliferation marker, Ki67 (Figures dermis and began to form cysts somewhere in the hair
follicle, probably because of their accelerated differenti-3I and 3J). Differentiation of epidermal cells in the cyst
wall proceeded from the basal to the apical layer, as ation. Morphologically (Figure 1H, arrows), it is also pos-
sible that aberrant differentiation of the inner root sheathindicated by the expression of early and terminal differ-
entiation markers at middle (Figures 3C and 3D) and may contribute to cyst formation. Several lines of evi-
dence indicate that the formation of epidermal cysts isapical layers (Figures 3E and 3F), respectively. As com-
pared with normal epidermis, the early and terminally also likely to be due to abnormal cell fate determination
of hair follicular stem cells. First, the deletion efficiencydifferentiated epidermal layers were thinner and thicker,
respectively, in the cysts, and differentiation of epider- of the RBP-J allele was highest in the cysts, and RBP-J
was not expressed in the cysts (Figures 2A, 2B, andmal cells therefore appears to be accelerated in the
cysts. These data indicate that RBP-J-deficiency en- 2E–2H). Second, cyst formation occurred after hair loss
or after the first hair cycle, when a large number ofhanced epidermal cell differentiation from the epidermal
precursors in the epidermal basal layers, and therefore hair cell progenitors are generated. Third, the preferred
position of cyst formation was the vibrissa region, whereNotch/RBP-J signaling suppresses this step. Although
studies on in vitro experiments of human epidermis [32] the rate of hair cell progenitor formation is higher be-
cause it has a shorter hair cycle than the pelage regionand on keratinocyte-specific notch1-deficient mice [21]
concluded differently, the apparent discrepancy may be [33]. Fourth, the epidermal cysts were morphologically
associated with hair follicles but not with epidermis.due to the fact that the early epidermal differentiation
was RBP-J independent [21]. Thickened epidermis seen in some epidermis regions
(Figure 1H) expressed Ki67 in many layers (Figures 3KHair follicular stem cells at the bulge regions of hair
follicles contribute to both epidermis and hairs [23, 24]. and 3L), although normal epidermis has only one to
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Figure 3. Immunohistochemical Analysis of the Skin of the nes-Figure 2. RBP-J Null Mutation Mediated by Nes-Cre in Adult Mice
cre  RBP-Jf/f Miceand the Expression Pattern of RBP-J in Skins
(A–F) The epidermis with normal appearance and cysts in the same(A) The generation of deleted alleles by nes-cre-mediated recombi-
sections are stained with various epidermal differentiation markers.nation illustrated by Southern blotting. Genomic DNAs from tails of
All sections are from the same block. (A) The differential interferencewild-type (lane 1), RBP-Jf/f (lane 2), RBP-Jf/ (lane 3), and nes-cre 
contrast (DIC) image is taken for the epidermis (upper short bracket)
RBP-Jf/f (lane 4) mice and from cysts of a nes-cre  RBP-Jf/f mouse
and the cyst (lower long bracket). (B) Keratin 5 staining. Keratin 5(lane 5) are digested with SphI and hybridized with the probe [3, 4].
is a marker of the basal layer of the epidermis and the outer rootThe DNAs were extracted from a tail with normal appearance and
sheath of hair follicles. (C and D) Keratin 1 (C) and Involucrin (D)a cyst of the same mouse (lanes 4 and 5). The deletion efficiency
stainings. These are the early differentiation markers of the epider-of the cyst is higher than that of the tail. The positions of SphI-
mis. (E and F) Filaggrin (E) and Loricrin (F) stainings. These are thedigested DNA fragments corresponding to the wild-type, loxP-
terminal differentiation markers. (G) 1 integrin staining, a markerflanked (floxed), and deleted alleles are indicated.
of hair follicular stem cells. Arrows show 1 integrin-expressing(B) Anti-RBP-J antibody was used for Western blot analysis of the
cells. A bracket shows the cyst wall. (H) The DIC image of the sameskin with normal appearance and the cyst from the same nes-cre 
section as that shown in (G). The keratinized contents of the cyst
RBP-Jf/f mouse. The density of the nonspecific band is used as a
are indicated by an asterisk. A bracket shows the cyst wall. Apicalloading control.
and basal sides of the cyst wall are indicated. (I–L) Ki67 staining of(C–K) Immunohistochemistry of skins. (C) RBP-J staining of wild-
the cyst wall (I) and thickened epidermis (K). The DIC image of eachtype skin three days after depilation. Nuclei of epidermis and hair
section is shown in (J) and (L). Ki67 is a proliferation marker. Bracketsfollicle (arrow head) are stained. (D) RBP-J staining of wild-type skin
in (I)–(L) show the cyst wall and the thickened epidermis, respec-at telogen. The bulge region is stained (arrows). Arrector pili muscle
tively. Apical and basal sides of the cyst wall and epidermis areis stained in background (arrowheads). (E–H) RBP-J staining ([E]
indicated. The keratinized contents of the cyst are indicated by anand arrowheads in [F]) and Keratin 5 staining (G) of cyst of a nes-
asterisk in (J). Scale bars indicate 100 m in (A)–(H) and 50 m in
cre  RBP-Jf/f mouse. The boxed region in (E) is magnified in (F–H).
(I)–(L).Keratin 5 staining shows basal layers of the epidermis (Epi) and the
cyst wall (Cyst) in (G). A merged image (H) of (F) and (G) shows
that no RBP-J staining is observed in cyst walls. Keratinous debris
(asterisk in [E]) is nonspecifically stained with RBP-J. (I–K) Skin with three layers of Ki67-positive cells [34], in agreement
normal appearance from a nes-cre  RBP-Jf/f-R26R mouse three with results obtained in keratinocyte-specific notch1-
days after depilation is stained for RBP-J (I) or for LacZ (J). Merged deficient mice [21].
image (K) of (I) and (K) shows that deletion of RBP-J is associated
The Keratin5-cre  notch1f/f mice show not only ab-with LacZ expression (bracket in [I] and [K]). Scale bars represent
normal proliferation and differentiation of epidermal40 m in (C), (F), and (I), 20 m in (D), and 60 m in (E).
cells [21] but also hair loss and cyst formation (F. Radtke,
personal communication). The skin phenotypes of
notch1 and RBP-J deficiencies are thus similar but not
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Similar phenotypes, such as the formation of epider-
mal cysts or hair loss, are observed in hairless mice [36,
37], conditional knockout mice of the RXRa [38, 39] and
-catenin genes [31], and transgenic mice that have lost
the function of LEF1, which is a transcription factor of
WNT signaling [40]. WNT signaling is shown to be neces-
sary for the induction of hair cells from hair follicular stem
cells [31, 40]. As shown in the dorsal-ventral boundary
formation of Drosophila wings [41], WNT could be in-
duced by Notch/RBP-J signaling and may be involved
in the cell fate determination of hair follicular stem cells
to either epidermis or hairs in mice.
Enhanced Formation of Epidermal Cells
from Hair Follicular Stem Cells
in nes-cre  RBP-Jf/f Mice
To trace differentiation of RBP-J-deficient stem cells,
we examined the distribution of RBP-J-deficient cells
in hair follicles by using R26R mice, which express
-galactosidase (LacZ) only after Cre-mediated recom-
bination [29]. First, we made mice carrying heterozygous
or homozygous RBP-Jf alleles and the R26R allele in
addition to the nes-cre transgene (nes-cre  RBP-
Jf/-R26R or nes-cre  RBP-Jf/f-R26R mice). To make
the analysis of the hair follicle differentiation easier, we
synchronized the hair cycle by depilating the normal
back skins of nes-cre  RBP-Jf/-R26R and nes-cre 
RBP-Jf/f-R26R mice. We performed biopsies of the back
skin patches 10 days after depilation (at anagen) and
stained longitudinal skin sections with X-gal. Hair folli-
Figure 4. X-gal Staining of the Skins of the Mice Carrying the nestin- cles that stained blue above and below the bulge region
cre transgene, RBP-J Floxed Alleles, and ROSA26 cre reporter Gene
were counted (Figures 4A–D). The close correlation of
Skins were from mice that were either nes-cre  RBP-Jf/-R26R or
the deletion of the RBP-J gene with expression of thenes-cre RBP-Jf/f-R26R. (A–D) X-gal staining of the back skins with
LacZ protein was confirmed by double immunohisto-normal appearance. Broken lines show the level of the bulge region.
chemistry of RBP-J and LacZ in apparently normal skin(A) and (B) are in a low magnification. (C) and (D) are in a high
magnification. (A and C). nes-cre  RBP-Jf/-R26R mice. The hair of nes-cre  RBP-Jf/f-R26R mice (Figures 2I–2K).
follicle has LacZ-positive cells under the level of the bulge (arrow As compared with nes-cre  RBP-Jf/-R26R mice,
heads and brackets). (B and D) nes-cre  RBP-Jf/f-R26R mice. The more than twice (37.2% versus 16.1% on average) of
hair follicles have LacZ-positive cells all along them (arrow heads).
all the stained follicles contained blue cells above the(E and F) The abnormal skin of the nes-cre  RBP-Jf/f-R26R mice.
bulge region in nes-cre  RBP-Jf/f-R26R mice (Table 1).The low (E) and high (F) magnifications are shown. The cyst is indi-
Because progenitors destined to become epidermal andcated (asterisk in [E]). LacZ-positive cells in the cyst wall (bracket
in [F]) and in the thickened epidermis (right arrow in [F]) as well as hair cells move from the bulge region upward and down-
LacZ-negative cells (left arrow and bracket in [F]) are indicated. ward, respectively [24], the results indicate that RBP-J-
Scale bars represent 200 m in (A), (B), and (E), 50 m in (C) and deleted cells were enhanced to take the epidermal cell
(D), and 100 m in (F).
fate and to move upward. Because the deletion effi-
ciency of the RBP-J gene is at most 50% in the epider-
mis, homozygously RBP-J-deleted cells should consti-
identical. First, only RBP-J deficiency causes the de- tute only 25% of the population. From our analysis of
creased expression of the early differentiation markers the heterozygotes (Table 1), we expect that 16% and
for epidermis. Second, the cyst formation occurs much 84% of hair follicular stem cells in normal mice become
more frequently in RBP-J-deficient mice than in notch1- epidermal and hair cells, respectively. If we assume that
deficient mice, although the deletion efficiency of RBP-J all hair cell progenitors with the homozygous RBP-J
in the skin of the nes-cre  RBP-Jf/f mice is much lower deletion were converted into epidermal progenitor cells,
than that of notch1 in keratin5-cre  notch1f/f mice. A then an additional 21% (84%  0.25) of all hair follicular
possible reason for this difference in phenotypes may be stem cells will take an epidermal cell fate in these RBP-
the redundancy of Notch signaling. In fact, we confirmed J-deleted mice. It is thus expected that about 37%
that Notch 2 and 3 were expressed in the epidermis and (16%  21%) of hair follicular stem cells differentiate
hair follicles (our unpublished data). It is also possible into epidermal cells and move upward in the RBP-J
that Nes-Cre is expressed much earlier in ontogeny (ca. conditional knockout mice, which is in a good agreement
E10.5) [28] and is thus expressed strongly in the stem with the blue staining frequency above the bulge region
cells, whereas Keratin5-Cre may be weakly expressed (Table 1).
Because most but not all regions of cysts and thick-in stem cells [35].
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Table 1. The Distribution of LacZ-Positive Cells in Hair Follicles
nes-cre  RBP-Jf/f-R26R Mice nes-cre  RBP-Jf/-R26R Mice
Hair Follicles with LacZ() Total Hair Follicles Hair Follicles with LacZ() Total Hair Follicles
Experiment Cells above Bulge with LacZ() Cells Experiment Cells Above Bulge with LacZ() Cells
1 233 (33.7%) 691 1 24 (8.9%) 270
2 85 (36.0%) 236 2 74 (12.4%) 597
3 197 (43.2%) 456 3 13 (5.4%) 243
4 246 (22.4%) 1098
Total 515 (37.2%*) 1383 357 (16.1%*) 2208
LacZ-positive hair follicles were counted above the bulge region and in the total area. The proportions of the number of LacZ-positive hair
follicles above bulges to the total LacZ-positive hair follicles are shown in parentheses. An asterisk indicates a p  0.0001 in a two-sample
proportion test. Three or four separate animals of each genotype were analyzed.
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